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Mushroom Body Ablation Impairs Short-Term
Memory and Long-Term Memory of Courtship
Conditioning in Drosophila melanogaster
the honeybee, Apis mellifera (Erber et al., 1980), where
each hemispheric MB contains approximately 170,000
Kenyon cells (Menzel et al., 1994). In Drosophila, the
MBs arise from bilateral clusters of about 2,500 Kenyon
cells located in the dorsal and posterior cortex (Davis,
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Dana Correale, Karli Watson,
Glenn Baker, and Kathleen K. Siwicki²
Department of Biology
1993; Strausfeld et al., 1995). These structures can beSwarthmore College
selectively ablated by feeding hydroxyurea (HU) toSwarthmore, Pennsylvania 19081
young larvae (Ito and Hotta, 1992; Prokop and Technau,
1994). Only five pairs of CNS neuroblasts divide actively
during the first 8 hr after larval hatching; four of theseSummary
generate the Kenyon cells, and the fifth pair generates
a portion of the antennal lobes (Truman and Bate, 1988;We have evaluated the role of the Drosophila mush-
Prokop and Technau, 1991; Ito and Hotta, 1992). deBelleroom bodies (MBs) in courtship conditioning, in which
and Heisenberg (1994) exploited this developmentalexperience with mated females causes males to re-
window to test the effects of MB ablation on olfactoryduce their courtship toward virgins (Siegel and Hall,
learning: while the behavior of MB-ablated flies seemed1979). Whereas previous studies indicated that MB
normal in many respects (e.g., locomotor activity, visualablation abolished learning in an olfactory condition-
flight control, fertility), they displayed no evidence ofing paradigm (deBelle and Heisenberg, 1994), MB-
learning when tested immediately after odor avoidanceablated males were able to learn in the courtship para-
conditioning.digm. They resumed courting at naive levels within
A more complex behavioral learning paradigm is ex-30 min after training, however, while the courtship of
perience-dependent courtship conditioning, whereincontrol males remained depressed 1 hr after training.
male courtship behavior is modified by experience withWe also describe a novel courtship conditioning para-
an unreceptive female (Siegel and Hall, 1979; Hall, 1994;digm that established long-term memory, lasting 9
Yamamoto et al., 1997). Courting male flies perform adays. In MB-ablated males, memory dissipated com-
characteristic sequence of behaviors: orienting towardpletely within 1 day. Our results indicate that the MBs
and following a female, tapping her with his forelegs,are not required for learning and immediate recall of
vibrating one wing, licking her genitalia, and attemptingcourtship conditioning but are required for consolida-
copulation (Bastock and Manning, 1955; Hall, 1994;tion of short-term and long-term associative mem-
Cobb and Ferveur, 1996). These behaviors are repeated,ories.
with some variation, until successful copulation. Virgin
females usually respond by mating, but previously
mated females are unreceptive (Spieth, 1974; Hall,
Introduction 1994): they display different behaviors (Bastock and
Manning, 1955; Connolly and Cook, 1973; Willmund and
Neural mechanisms that are responsible for behavioral Ewing, 1982) and an altered pheromonal profile (Cobb
plasticity in Drosophila melanogaster have been ad- and Ferveur, 1996). A naive male paired with a mated
dressed primarily in the context of a classical condition- female will initially court her, but his courtship activity
ing paradigm in which flies learn to associate electric soon decreases; after 1 hr of experience with a mated
shocks with olfactory cues (Tully and Quinn, 1985; Davis, female, his courtship toward virgin females remains de-
1993; Dubnau and Tully, 1998). Flies are tested immedi- pressed for 2±3 hr (Siegel and Hall, 1979). This effect
ately after training to assess learning or at progressively is not a general suppression of all courtship activity,
later times to assess short-term, medium-term, anesthe- however, since a male's tendency to court immature
sia-resistant, and long-term memories (Tully et al., 1994; males is not altered (Gailey et al., 1984). Furthermore,
Greenspan, 1995). A variety of mutations disrupt differ- experience with a virgin female does not depress court-
ent phases of learning and memory in this conditioning ship activity toward a subsequent virgin (Gailey et al.,
paradigm (Davis, 1993; Tully et al., 1994; Dubnau and 1984), indicating that conditioned courtship suppres-
Tully, 1998). sion is a specific result of experience with a mated
Many of the genes defined by these mutations, such female.
as dunce, rutabaga, DCO, and Volado, are preferentially In order to assess the role of the MBs in learning
(although not exclusively) expressed in the mushroom and memory of courtship conditioning, we studied the
bodies (MBs) (Nighorn et al., 1991; Han et al., 1992; behavior of MB-ablated males in this paradigm. The
results provide direct evidence for an early, MB-inde-Skoulakis et al., 1993; Grotewiel et al., 1998), consistent
pendent phase of memory of courtship conditioning andwith a function of these brain structures in olfactory
indicate that MBs are required for memory lasting morelearning. MBs have been linked to olfactory memory in
than 30 min. Histological analyses of behaviorally tested
males suggest that HU-induced damage to antennal² To whom correspondence should be addressed (e-mail: ksiwick1@
lobes can impair early memory of courtship condition-swarthmore.edu).
ing, supporting a role for this sensory neuropil in MB-³ Present address: Department of Physiology, University of Pennsyl-
vania School of Medicine, Philadelphia, Pennsylvania 19104. independent plasticity. Finally, using a novel training
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Figure 1. The Effects of HU Treatment on Mushroom Body and Antennal Lobe Structures Were Assessed after Behavioral Testing
(A) Diagram illustrating the relevant brain structures. ªAL,º antennal lobes; ªC,º mushroom body calyx; ªCB,º Kenyon cell bodies; ªLH,º lateral
horn of protocerebrum; ªP,º peduncle; ªPB,º protocerebral bridge; ªa,º ªb,º and ªg,º a-, b-, g-lobes of mushroom bodies (MBs).
(B) through (E) show the MB-specific expression of b-galactosidase in frontal (B and C) and horizontal (D and E) brain sections of UAS-lacZ/1;
pGAL4(30Y)/1 males (Yang et al., 1995).
(B and D) Control males display intense b-gal expression in the Kenyon cell bodies (ªCBº), calyces (ªCº), peduncles (ªPº), and a-, b- and
g-lobes (ªgº) of the MBs.
(C and E) Brains of HU-treated males exhibit no staining of MB structures, confirming their ablation by HU treatment.
(F) through (J) show frontal brain sections of control and HU-treated Oregon-R males stained with toluidine blue.
(F) A relatively posterior section of a control brain, showing the prominent MB calyces (ªCº) between the medial protocerebral bridge (ªPBº)
and the lateral horn of the protocerebrum (ªLHº).
(G and H) Corresponding brain sections of two HU-treated males, showing partial (G) and complete (H) ablations of the MB calyces.
(I and J) Relatively anterior sections, showing the ALs of a control male (I) and the typically reduced ALs of an HU-treated male (J). Calibration
bars, 50 mm.
protocol in which the memory of courtship conditioning steps of courtship, including orientation, following, tap-
ping, wing extension, licking, and attempted and/or suc-persists for 9 days, we have defined a requirement for
cessful copulation (Hall, 1994). In parallel tests of controlthe MBs in long-term memory of courtship conditioning.
males, 44 of 46 performed all of these behaviors. Fur-
thermore, HU treatment did not affect the amount of
Results courtship activity of naive males, as measured by the
courtship index ([CI], see the Experimental Procedures).
Naive Courtship Behavior in HU-Treated Males In tests with virgin females, the mean CI (6 SEM) of
It was necessary to determine whether naive courtship naive, HU-treated, Oregon-R males (58 6 3, N 5 28)
behavior was affected by HU treatment. When Oregon-R was not different (p 5 0.20) from that of naive controls
males were observed in individual pairings with virgin (65 6 4, N 5 36). Other males were paired with females
Oregon-R females, 36 of 37 males that had been fed that had been immobilized by decapitation, to test for
the possibility that behaving females might compensateHU as newly hatched larvae displayed all the defined
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for differential behavior between HU-treated and control
males. Using 4-day-old naive Oregon-R males and de-
capitated Oregon-R virgin females, the mean CI (6 SEM)
was 58 6 8 (N 5 20) for HU-treated males and 58 6 6
(N 5 20) for control males (p 5 0.99). Similar results
were obtained with other strains, for example, males
heterozygous for an MB-specific pGAL4 insert (30Y) and
a UAS-lacZ reporter (Brand and Perrimon, 1993; Yang
et al., 1995), which were used in some experiments to
facilitate histological analyses. The mean CI (6 SEM) of
these control males (84 6 3, N 5 20) was not different
(p 5 0.61) from that of their HU-treated brothers (82 6
2, N 5 20). Finally, in a series of age-matched compari-
sons of naive courtship between 4 and 12 days after
eclosion, there were no differences between the CIs of
HU-treated and control males at any age (e.g., Figure
3; data for HU groups not shown). Thus, in the absence
of courtship conditioning, HU-treated and control males
spent the same amount of time engaged in courtship
behavior toward virgin females.
Effects of Mushroom Body Ablation on Conditioned
Courtship Suppression
Two short-term memory (STM) experiments were con-
ducted on males of different genotypes: males heterozy-
gous for pGAL4(30Y) and UAS-lacZ, and wild-type Ore-
gon-R. After blind behavioral testing, all males were
cataloged and fixed and then processed for histological
analysis. A blinded observer evaluated the extent of the
ablations of the MB calyces as well as the selectivity of
Figure 2. The Effect of Mushroom Body Ablation on Short-Termthe ablations, particularly with respect to the antennal
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lobes (AL).
MB ablation had no effect on the immediate recall of courtshipIn males carrying the MB-specific lacZ reporter, MBs
conditioning in flies tested 0 min after training but did impair memory
were clearly stained for b-gal in controls (Figures 1B at 30 and 60 min after training. Males were either naive or trained
and 1D) and were completely ablated in 78 of 82 HU- by pairing with a mated female for 1 hr. CIs were determined during
10 min pairings with virgin females. Mean CIs (6 SEM) are plotted,treated males (Figures 1C and 1E). These MB-ablated
with Ns indicated above each bar. The levels of significance relativemales were not impaired in their immediate recall of
to naive comparison groups are indicated (one asterisk, p , 0.05;courtship conditioning (Figure 2A). Specifically, the CIs
two asterisks, p , 0.001; three asterisks, p , 0.0001). The degreeof both control and MB-ablated males were significantly
of MB ablation was determined in blind histological evaluations:
depressed immediately after training, relative to naive solid bars, controls; hatched bars, MBs partially ablated; open bars,
levels. In agreement with previous studies (Siegel and MBs completely ablated.
(A) In an experiment with males heterozygous for pGAL4(30Y) andHall, 1979; Gailey et al., 1984), the CIs of trained control
UAS-lacZ (Brand and Perrimon, 1993; Yang et al., 1995), 95% ofmales remained depressed, relative to naive controls,
HU-treated males had completely ablated MBs. For both control andfor at least 60 min (Figure 2A). In contrast, the courtship
MB-ablated males, mean CIs were significantly depressed relative toactivity of trained MB-ablated males returned to levels
naive comparison groups at 0 min after training. The CIs of control
observed in naive flies by 30 min (Figure 2A), indicating males remained depressed relative to naive controls at 30 and 60
that no memory remained by 30 min after training. min after training, while the CIs of MB-ablated males returned to
naive levels at 30 and 60 min after training.In an experiment using Oregon-R males, histological
(B) In an experiment with Oregon-R flies, because a significant num-analyses indicated that the MB calyces in both hemi-
ber of HU-treated males had only partial MB ablations, their behav-spheres were completely ablated in only 67% (N 5 86)
ioral data were plotted separately from those with complete MBof the HU-treated males (Figure 1H). At least one MB
ablations. For both partially and completely MB-ablated males, as
calyx was at least partially ablated in the remaining 33% well as for controls, mean CIs were significantly depressed relative
of HU-treated males (Figure 1G). Because the number to naive comparison groups at 0 min after training. The CIs of con-
trols remained depressed at 30 and 60 min after training, while thoseof males with partial MB ablations was large enough to
of males with either partial or complete MB ablations returned tobe considered as a separate category, the behavioral
naive levels by 60 min. In both experiments, the mean CIs of controlsdata for this experiment were segregated according to
and completely MB-ablated males were different (p , 0.0005) at 30whether the MB calyces were completely or only par-
and 60 min after training, indicating that memory decayed more
tially ablated (Figure 2B). As was found with males car- rapidly in MB-ablated males.
rying the MB reporter (Figure 2A), complete MB ablation
had no effects on naive courtship or on immediate recall
of courtship conditioning in wild-type males (Figure 2B). by 60 min after training (Figure 2B), indicating an impair-
ment of short-term memory. At 30 min after training,The CIs of trained control males remained depressed
at 60 min after training, whereas the CIs of completely wild-type MB-ablated males (Figure 2B) increased their
courtship activity relative to control males (p , 0.0005),MB-ablated males returned to the levels of naive flies
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but their CIs were still slightly depressed relative to naive
MB-ablated males (p , 0.05), suggesting that some
memory of training remained after 30 min. The behav-
ioral results for males with partial MB ablations were
essentially the same as for complete MB ablations. The
results indicate that males without MBs have normal
immediate recall of courtship conditioning and thus ap-
pear to learn as well as controls in this paradigm but
that they display deficits in short-term memory as early
as 30 min and no evidence of memory at 60 min after
training.
Effects of Antennal Lobe Ablations
on Short-Term Memory
In agreement with the observations of deBelle and
Heisenberg (1994), the ALs were detectably smaller than
normal in some HU-treated flies. To evaluate the possi-
bility that the STM deficits in HU-treated flies were re-
lated to a requirement for intact ALs, the degree of AL
damage in all trained males from the STM experiments
was evaluated by a blinded observer (Figures 1I and 1J).
In many HU-treated flies, the AL morphology appeared
completely normal (Figure 1I); in most HU-treated males,
however, the ALs were detectably smaller than control
ALs (Figure 1J), typically appearing to be about three-
fourths normal size.
The behavioral results for each group of HU-treated
flies were segregated into those with ªnormal ALsº and
those with ªreduced ALsº (Figure 3). In both experi-
ments, at 0 min after training, the CIs of HU-treated
males with either normal or reduced ALs were the same
Figure 3. The Effect of Antennal Lobe Damage on Memory of Court-as controls, indicating that they displayed immediate
ship Conditioning in MB-Ablated Flies
recall of training independently of the degree of AL dam-
Antennal lobe (ªALº) morphology was analyzed blindly for HU-
age (Figure 3). Moreover, the memory deficits of HU- treated and control males after behavioral testing in the two STM
treated flies at 60 min after training were completely experiments. Then, the CIs for each group of HU-treated flies were
independent of the degree of AL damage. A consistent separated into two groups, those with apparently normal ALs
(hatched bars) and those with noticeably reduced ALs (open bars).effect of AL damage emerged in the 30 min groups,
Control data (solid bars) are replotted from Figure 2. Mean CIshowever; in both experiments, the CIs of HU-treated
(6 SEM) are plotted, with Ns above each bar. The levels of signifi-males with normal AL morphology were the same as
cance relative to naive comparison groups are indicated (one aster-
controls, indicating normal memory, while those of HU- isk, p , 0.05; two asterisks, p , 0.005; three asterisks, p , 0.0001).
treated males with some AL damage were significantly While there were no significant differences between the mean CIs
higher, indicating impaired memory (Figures 3A and 3B). of flies with normal ALs and reduced ALs at 0 and 60 min after
training, an effect of AL damage was apparent in the 30 min groupsIn other words, the memory deficit at 30 min after training
in both experiments. Among HU-treated males tested 30 min afterwas not evident in those HU-treated males with no de-
training, the mean CIs of those with normal AL morphology weretectable AL damage. Since all of these flies had com-
depressed to the same level as controls, while those with reduced
plete MB ablations, this result cannot be dismissed as ALs exhibited no memory or significantly reduced memory relative
an effect of partial MB ablations. Rather, it suggests to controls.
that memory of courtship conditioning persists longer (A) Data from the same UAS-lacZ/1;pGAL4(30Y)/1 males as Fig-
ure 2A.in MB-ablated flies without detectable AL damage.
(B) Data from the same Oregon-R males as Figure 2B.
Long-Term Memory of Courtship Conditioning
Twelve novel modifications of the courtship conditioning paired with a mated female for three 1 hr periods and
isolated for 30±60 min between each pairing. In the 5paradigm were evaluated for their effectiveness in es-
tablishing long-term memory (LTM). Two protocols hr training protocol, a virgin male was paired with a
mated female for 5 hr without interruption (see the Ex-yielded clear evidence of memory lasting 5 or more days.
These protocols were originally tested with y per01 w perimental Procedures). Males trained by either of these
protocols displayed a 50%±60% decrease in mean CIsmales (Table 1) and later confirmed for other genotypes
(see below). None of these mutations produce deficits at 5 days after training, when compared with age-
matched naive males (Table 1). The mean CIs remainedin learning and memory (Gailey et al., 1991); their effects
on courtship behavior (see the Experimental Proce- depressed at the same level when tested 9 days after
training (Table 1), indicating that LTM was establisheddures; reviewed by Hall, 1994) would be expected to
result in relatively low CIs for naive males (Table 1). by either three 1 hr pairings or one continous 5 hr pairing
with a mated female. Ten other training protocols wereIn the 3 3 1 hr training protocol, a virgin male was
Memory of Courtship in Drosophila Mushroom Bodies
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Table 1. Long-Term Memory of Courtship Conditioning Was
Produced by Two Different Training Protocols
Training Protocol Courtship Index (Mean 6 SEM)
5 days 9 days
Naive 37 6 7 36 6 6
(16) (23)
3 3 1 hr training 17 6 4 15 6 4
(16) (14)
p value 0.02 0.01
5 hr training 16 6 6 14 6 2
(16) (22)
p value 0.03 0.001
CIs of trained and age-matched naive males were determined 5
and 9 days after training. The 3 3 1 hr training protocol consists of
placing a mated female in a small food tube already containing
the male for three separate 1 hr intervals (see the Experimental
Procedures). The 5 hr training protocol involves placing a mated Figure 5. The Effects of MB Ablation on Long-Term Memory of
female into a small food tube containing the male and then removing Courtship Conditioning in UAS-lacZ/1;pGAL4(30Y)/1 Males
the female 5 hr later. Males were triply mutant y per 01w. While none The severity and selectivity of ablations in HU-treated males was
of these mutations impairs learning (Gailey et al., 1991), they do analyzed blindly, and data from the few males (11/195) with partial
influence courtship behavior (see the Experimental Procedures), MB ablations were eliminated. Solid bars, controls; open bars, MBs
producing lower naive CIs than wild-type. Females were Oregon-R. completely ablated. Mean CIs (6 SEM) are plotted for trained males
The N for each group is indicated in parentheses. and naive age-matched control groups. Because there were no
differences (in a two-way ANOVA) among the mean CIs of naive
groups tested at different ages, data for naive controls and naive
MB-ablated flies were pooled across all age groups. Males weretested that failed to establish LTM (see the Experimental trained in a continuous 5 hr pairing with a mated female (see the
Procedures). Experimental Procedures). CIs were determined during a 10 min
The effectiveness of a 5 hr pairing in establishing LTM pairing with a virgin female. The indicated levels of significance refer
to comparisons between trained and age-matched, naive groupswas confirmed in experiments with Oregon-R males: 2
(one asterisk, p , 0.005, two asterisks, p , 0.001, three asterisks,days after training, the mean CI (6 SEM) was 68 6 4
p , 0.0001).(N 5 19), compared to 82 6 3 (N 5 19) for age-matched
naive males (p , 0.01). A time course of the effects of
5 hr training is shown (Figure 4) for males heterozygous of trained males recovered partially, so that their mean
for the pGAL4(30Y) and UAS-lacZ transgenes (Brand CI was depressed by only 35% compared to age-
and Perrimon, 1993; Yang et al., 1995). Males of this matched naive males (Figure 4). In flies tested at 2, 4,
genotype showed a 77% depression of their CIs immedi- and 8 days after training, there remained a significant
ately after training, in comparison with naive controls depression of courtship activity below that of age-
(Figure 4). One day after training, the courtship activity matched naives (Figure 4), indicating a long-lasting sup-
pression of courtship as a result of the training.
Having established that LTM persists for over a week
after a 5 hr pairing with a mated female, the possible
involvement of MBs in this form of memory was ad-
dressed in HU-treated males. The extent of MB ablations
in HU-treated males was scored either by staining for
b-gal in cryostat sections (Figures 1B±1E) or by autoflu-
orescence of paraffin sections under FITC filters and a
mercury lamp. The MBs were completely ablated in 184
of 195 HU-treated flies in this study; those with partial
ablations were excluded from the behavioral results.
MB-ablated males trained in the 5 hr protocol showed
31% depression of CIs immediately after training relative
to naive MB-ablated males (Figure 5), indicating some
degree of immediate recall in the absence of functional
MBs. Yet, control males displayed a much stronger ef-
fect of this training: their CIs were initially depressedFigure 4. Long-Term Memory of Courtship Conditioning in Male
77% (Figures 4 and 5). Thus, the first effect of MB abla-Progeny of pGAL4(30Y) 3 UAS-lacZ
tion was to impair immediate recall of the 5 hr training.After a continuous 5 hr pairing with a mated female (see the Experi-
mental Procedures), CIs were determined during a 10 min pairing Another effect was apparent by 1 day after training: MB-
with a virgin female, either immediately after training or 1, 2, 4, or ablated flies tested at 1, 2, 4, and 8 days after training
8 days later. Mean CIs (6 SEM) for trained males (open circles) displayed no memory of the training. Their CIs were not
and age-matched, naive controls (closed circles). Sample sizes are different from those of naive MB-ablated flies (Figure
indicated for each point. The level of significance in comparisons
5). The results indicate that MB ablation eliminates long-between trained and age-matched naive groups are indicated (one
term memory of courtship conditioning and significantlyasterisk, p , 0.005, two asterisks, p , 0.001, three asterisks, p ,
0.0001). impairs a male's immediate recall after the 5 hr training.
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Discussion molecular substrates of distinct phases of memory in
this ethologically relevant context.
Short-Term and Long-Term Memory
of Courtship Conditioning Mushroom Bodies and Memory
Two behavioral learning paradigms are mainly employed of Courtship Conditioning
to assay learning and memory in Drosophila. In a classi- In contrast to considerable evidence supporting a cru-
cal conditioning paradigm, flies learn to avoid olfactory cial role of the MBs in learning (i.e., 0±2 min memory)
cues paired with electric shock (Tully and Quinn, 1985; in the odor avoidance paradigm (Heisenberg, 1980;
Davis, 1993; Dubnau and Tully, 1998). They can be tested Heisenberg et al., 1985; Han et al., 1992; Skoulakis et
immediately after training to assess learning or at later al., 1993; deBelle and Heisenberg, 1994; Dauwalder and
times to assess memory (Tully et al., 1994; Greenspan, Davis, 1995; Connolly et al., 1996), the results of our
1995). LTM, lasting 7 days, can be established by multi- experiments demonstrate that the earliest phase of
ple, temporally spaced training sessions (Tully et al., memory of courtship conditioning is independent of the
1994). MBs. After 1 hr pairings with mated females, males with
Courtship conditioning employs sensory cues and be- completely ablated MBs displayed similar immediate
havioral assessments that are within the normal range recall as control males, with courtship activity de-
of experience of adult flies. In this paradigm, a naive pressed by approximately 50%. This is consistent with
male is paired for 1 hr with a female who had mated the an early report of normal conditioned courtship suppres-
previous night, resulting in two distinct changes in the sion in males expressing the mushroom body deranged
male's behavior. His courtship toward the mated female phenotype (Heisenberg, 1980), as well as another recent
is inhibited, and his subsequent courtship toward virgin study (Wolf et al., 1998). By including tests at later times
females is suppressed (Siegel and Hall, 1979). Mutations after training, our experiments also revealed a require-
that disrupt olfactory learning and memory also disrupt ment for the MBs in memory of courtship conditioning.
courtship conditioning, without affecting a male's ten- By 30±60 min after training, control males exhibited
dency to court mated females less vigorously than vir- short-term memory as a persistent depression of their
gins (Gailey et al., 1984). By contrast, males in which mean CIs, whereas MB-ablated males courted as ac-
CaM kinase II or protein kinase C is disrupted fail to tively as naive males, exhibiting no memory of the train-
reduce their courtship toward mated females but subse- ing. The results indicate that some structures critical
quently display normal conditioned courtship suppres- for learning in this paradigm remained functional, while
sion (Joiner and Griffith, 1997; Kane et al., 1997), sug- those required for short-term memory of courtship con-
gesting that these two effects of a mated female are ditioning were damaged by HU treatment.
distinct phenomena. MB-ablated males also displayed immediate recall
The effects of a 1 hr training session decay after 2±3 after a 5 hr pairing with a mated female (LTM training):
hr in wild-type males (Siegel and Hall, 1979). The limited their courtship activity was depressed by 30% relative
duration of this memory has precluded any assessment to naive MB-ablated flies. This immediate recall in MB-
of distinct phases of memory using courtship condition- ablated flies, however, was not as robust as the 77%
ing (Greenspan, 1995). Now, we report two training pro- reduction in the mean CIs of control males immediately
tocols that produce LTM of courtship conditioning last- after LTM training. In contrast to controls, MB-ablated
ing up to 9 days. One consists of a continuous 5 hr flies displayed no LTM; they courted just as actively as
pairing with a mated female. The other consists of three naive males by 1 day after training and at all subsequent
sets of 1 hr pairings, interrupted by 30±60 min breaks. test intervals. This implicates the MBs in the pathway
Males showed a dramatic suppression of courtship im- of consolidation of LTM of courtship conditioning.
mediately after the 5 hr training protocol. For 1±8 days
after training, there remained a significant depression Sensory Systems in Male Courtship
of courtship activity relative to age-matched controls. While odor avoidance conditioning relies exclusively on
Twelve novel training protocols were tested for induc- olfactory cues and shock, courtship behavior involves
ing LTM (see the Experimental Procedures). The two many sensory components (Cobb and Ferveur, 1996;
effective protocols were carried out in small food tubes, Yamamoto et al., 1997), which may be responsible for
whereas all unsuccessful protocols involved pairings in the observed differences between the effects of MB
small mating chambers without food. Most of these test ablations on the two types of learning. Indeed, one or
protocols involved breaks between repeated pairings, more of the multiple cues of a mated female cues might
since ªspaced trainingº produces LTM in odor avoid- produce a transient nonassociative suppression of
ance conditioning (Tully et al., 1994). Yet, protocols that courtship, which could account for the early, MB-inde-
included breaks were no more effective than continuous pendent phase of memory.
pairings at inducing LTM of courtship conditioning. It is The importance of chemosensory cues in courtship
possible that the effectiveness of a continuous 5 hr pair- conditioning is well established (Tompkins et al., 1983;
ing is related to the fact that males often stop courting Ackerman and Siegel, 1986), and several lines of evi-
mated females and restart several times, possibly estab- dence suggest that the conditioning represents, at least
lishing their own ªspaced trainingº by intermittent at- in part, a specific association between the pheromones
tempts at courtship. of a virgin and a mated female (Tompkins et al., 1983;
With the ability to induce LTM of courtship condition- Gailey et al., 1984; Ackerman and Siegel, 1986). Female
cuticular hydrocarbons stimulate males to court (Antonying, it will be possible to investigate the anatomical and
Memory of Courtship in Drosophila Mushroom Bodies
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Figure 6. A Model of the Neural Systems Involved in Male Courtship and Conditioned Courtship Suppression in Drosophila
First order sensory ganglia such as the antennal lobes (ªALº), optic lobes (ªOLº), and thoracic sensory structures (ªTGº) can directly influence
the drive to putative premotor courtship centers. Female movement facilitates courtship behaviors (Tompkins et al., 1982) such as tapping,
orientating, and licking, whereby a male detects more female cues (e.g., cuticular hydrocarbons), which drive more courtship behavior when
the female is virgin (Cobb and Ferveur, 1996; Ferveur and Sureau, 1996). The inhibitory cues of a mated female interfere with the sensory
drive to courtship premotor centers. Initial learning processes may occur in some sensory neuropils, modulating their output to premotor
centers and thereby influencing immediate recall and early short-term memory. In addition, information from the ALs and possibly other
sensory systems (Strausfeld, 1976; Strausfeld et al., 1995; Barth and Heisenberg, 1997) feeds into the calyces of the MBs, where the
consolidation of short-term and long-term associative memories begins. These associations might be stored in and recalled from the MBs
or possibly from somewhere downstream of the MBs such as the central complex (Heisenberg et al., 1995). Their output produces long-
lasting inhibition of the courtship premotor centers.
and Jallon, 1982; Ferveur and Sureau, 1996). Substances tested for memory of courtship conditioning. Specifi-
cally, at 30 min after training, HU-treated flies with nor-that inhibit male courtship are passed from a male to a
mal AL morphology exhibited normal memory (mean CIsfemale during mating, including male cuticular hydrocar-
not different from controls), while those with reducedbons and components of ejaculate (Cobb and Ferveur,
ALs displayed virtually no memory of the training. Be-1996). Most of these substances are nonvolatile and
cause these males all suffered complete MB ablations,may be detected by contact chemosensory receptors on
a reasonable interpretation is that some structuresmale foretarsi during tapping (Robertson, 1983; Ferveur
within the intact ALs can compensate for MB ablationand Sureau, 1996) and on his maxillary palps or probos-
in memory of courtship conditioning at 30 min after train-cis during licking (Stocker and Gendre, 1989). The former
ing. Given that there are about 35 glomeruli in Drosophilaproject to the neuropil of the first thoracic neuromere
antennal lobes (Stocker, 1994), recent estimates of 200(Murphey et al., 1989) and the latter to glomeruli of the
odorant receptor genes (Clyne et al., 1999; Vosshall etantennal lobes (Stocker, 1994).
al., 1999) would suggest that afferents responding toNonetheless, purely chemosensory inputs are not suf-
multiple odorants converge on individual glomeruli. In-ficient, since conditioning requires the presence of a
deed, recent in vivo calcium imaging studies havefly (either dead or alive) and the active performance of
yielded direct evidence for functional changes in honey-courtship by the male subject (Tompkins et al., 1983;
bee antennal lobes during associative learning (FaberAckerman and Siegel, 1986). Thus, the male's behavior
et al., 1999).
(orientation, tapping, licking, etc.) contributes to his abil-
In the present study, neither MB ablation nor partial
ity to detect and be conditioned by a mated female. ablation of AL structures had detectable effects on im-
Female movement stimulates male courtship (Tompkins mediate recall of courtship conditioning, suggesting that
et al., 1982), and visual inputs enhance a male's court- an early phase of plasticity can proceed normally in
ship activity, probably by improving his ability to orient other neural structures. Comparing these results with
toward and follow a female (Cook, 1980). In addition, a recent findings of Joiner and Griffith (1999) leads to
mated female behaves differently than virgins, extruding the suggestion that these other neural structures are
her ovipositor in response to male courtship (Connolly probably visual. In that study, courtship conditioning
and Cook, 1973; Willmund and Ewing, 1982). Yet, extru- was performed in the absence of visual cues (i.e., in
sion behavior is not sufficient to inhibit male courtship dim red light) and therefore was more dependent on
(Bubis et al., 1998). And, since immobilized mated fe- olfactory associations. The effect of disrupting MB func-
males can induce courtship suppression (Gailey et al., tion under these conditions was to seriously impair the
1984), female movement is not necessary for courtship earliest memory (2±5 min after training) of courtship con-
conditioning of normal males. ditioning (Joiner and Griffith, 1999). These findings con-
Growing evidence supports the notion that early forms trast with our own results but parallel the effects of
of learning occur within sensory neuropils. A role of the MB ablations in the unimodal odor avoidance paradigm
ALs in early short-term memory is supported by the (deBelle and Heisenberg, 1994) and reinforce the im-
portance of MBs for olfactory associations. Since MB-results of evaluating AL damage in flies that had been
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ablated males in our experiments were trained with nor- in the integration and consolidation of memory of condi-
tioned courtship suppression and a role for structuresmal visual inputs (i.e., in white light) and had normal
immediate recall, it appears that visual information can outside of the MBs in the immediate recall of experience
with a mated female. The results also suggest a role forcompensate for MB-dependent associations in sup-
pressing courtship activity immediately after training. the ALs in early short-term memory. The specific roles
of the ALs and other sensory systems as well as the
various substructures of the MBs (Yang et al., 1995; HanA Model of Learning and Memory
et al., 1996) in learning and memory processes remainin Courtship Conditioning
to be defined. With the introduction of training para-The above considerations lead to a model of the interac-
digms to establish long-term memory of courtship con-tions among the multiple factors that can modulate male
ditioning, it now becomes feasible to assess the involve-courtship. In this model (Figure 6), the various excitatory
ment of specific gene products and neural structuresor inhibitory cues of a female are detected by a male's
in the various phases of learning and memory of thisvisual and chemosensory systems, each of which can
complex and crucial behavior.provide excitatory drive to a putative courtship premotor
center (Hall, 1979). Excitatory visual cues elicit some
Experimental Procedurescourtship behavior (e.g., orientation, tapping), providing
additional visual and chemosensory cues that elicit
Drosophila Strains
more courtship behaviors (e.g., wing vibration, licking), Drosophila melanogaster strains were cultured at 258C in 50%±70%
which provide further cues, and so on. Most of the pher- humidity in a 12 hr:12 hr light:dark (LD) cycle on cornmeal-sucrose-
omonal and behavioral cues of a virgin female are excit- yeast medium that was supplemented with the mold inhibitor methyl-
paraben and autoclaved (Villella and Hall, 1996). The Oregon-R strainatory, resulting in positive feedback that leads to at-
was obtained from Carolina Biological Company. The UAS-lacZ linetempted copulation. A mated female expresses the
is a transposon insertion on the second chromosome (Brand andsame cuticular hydrocarbons as a virgin, as well as addi-
Perrimon, 1993). The pGAL4(30Y) line is a transposon insertion on
tional pheromones and behaviors that can inhibit male the third chromosome at location 70E (Yang et al., 1995). F1 males
courtship (Cobb and Ferveur, 1996). The male sensory from crosses between UAS-lacZ males and pGAL4(30Y) females
pathways that detect these mated female cues produce were used in behavioral experiments. The y per01 w strain used to
assess LTM training protocols originated in the lab of J. Hall.inhibitory influences on the courtship premotor center.
If all the relevant sensory systems detect mated-female
Hydroxyurea Treatmentcues, then the net inhibitory effect on the premotor sys-
For egg collection plates, 100 ml distilled water, 14.8 ml molasses,
tem is sufficient to decrease the drive to court. and 13.4 g Cream of Wheat were mixed and heated until thick and
Because this response to a mated female can be then autoclaved and supplemented with 0.5 g methylparaben. The
blocked by globally disrupting CaM kinase II or protein mixture was poured in 60 3 15 mm petri dishes. Cooled plates were
secured to the open ends of 250 ml plastic beakers, each holdingkinase C (Joiner and Griffith, 1997; Kane et al., 1997),
450±500 flies. After 24±36 hr, eggs were collected by switching foodthe model assumes that a defect in the processing of
plates every 30 min (Sokolowski et al., 1984).any one of the inhibitory cues allows the stimulatory
Larvae were treated with HU according to the procedure of deBelle
effects of the cues common to all females (e.g., cuticular and Hiesenberg (1994). HU tubes were prepared by adding 350 ml
hydrocarbons) to sustain the positive feedback between yeast paste (2.5 g in 4 ml distilled water) to Eppendorf tubes con-
courtship behavior and the drive to court. taining 25 mg HU dissolved in 150 ml water. Control tubes were
prepared without HU. Larvae were collected under a dissectingAfter an hour of experience with a mated female, a
microscope within 1 hr of hatching and placed in either control ornormal male's courtship toward a virgin is depressed
HU-containing tubes. At the end of 1 hr, both tubes were tilted tofor 2±3 hr. As a result of repeated exposure to the inhibi-
immerse larvae in the solutions. After 4 hr at 258C in control or
tory cues of a mated female, the normally robust positive HU yeast solution, larvae were isolated by nitex filtration, rinsed
feedback between courtship behavior and the sensory thoroughly with distilled water, and placed in vials (100 3 25 mm)
drive to premotor centers is suppressed. Our results with standard fly food until adult eclosion.
show that the MBs are required to sustain this courtship
Behavioral Training and Testing: Short-Term Memorysuppression beyond 30 min after training. This is consis-
Virgin HU-treated and control flies were collected under ether anes-tent with a crucial role for the MBs in olfactory associa-
thesia within 4 hr of eclosion. Males were placed in individual smalltive memory (Davis, 1993; deBelle and Heisenberg,
food tubes (15 3 75 mm glass tubes containing 10±15 mm of fly
1994) and suggests that consolidation of associative food). HU-treated females were discarded, and control females were
memory of courtship conditioning in the MBs can pro- placed in regular food vials in groups of 10±15 virgins. Flies were
aged for 4 days in a 12 hr:12 hr LD cycle at 258C before behavioralduce a long-lasting inhibitory modulation of courtship
training and testing. All testing was performed during the light phase.premotor centers (Figure 6). Our results also demon-
Mated females used in training were observed to have matedstrate that an early phase of memory of courtship condi-
the night before training. Males were randomly assigned to eithertioning occurs outside of the MBs and suggest that both
training or naive groups. Males to be trained were placed individually
visual inputs and antennal lobe inputs may contribute in small (4 3 4 mm) training chambers containing a mated female
to this early phase of courtship suppression. Parallel for 1 hr. The males were then removed and either tested immediately
(t 5 0 min) or isolated for 30 or 60 min before testing (Siegel andlearning processes in multiple sensory neuropil regions
Hall, 1979).may be sufficient to suppress a male's drive to court
The courtship activity of each male was tested by a trained ob-immediately after training. It will be important to deter-
server who was blind as to the fly's experimental status. Each malemine whether associative or nonassociative mecha-
was paired with an unanesthetized virgin female in a porcelain mat-
nisms underly this MB-independent immediate recall of ing chamber (diameter 25 mm, depth 10 mm). Observers used stop-
courtship conditioning. watches to record the total amount of time a male engaged in
courtship activity, specifically orientation, tapping, following, wingThe present results indicate a critical role for the MBs
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extension and vibration, licking, and attempted copulation (Hall, The volumes of the MB calyces were scored blindly on a scale of
0±4; MBs with scores of 0 were categorized as ªcompletely ablated,º1994). Each male was monitored for 10 min or until successful copu-
lation occured, unless copulation occured in under 2 min. A court- scores of 1±3 as ªpartially ablated,º and scores of 4 as ªnormal.º
Antennal lobe morphology also was evaluated blindly for HU-treatedship index (CI) was calculated as the percent of the total observation
time spent courting (Siegel and Hall, 1979). All observers were and control flies from the STM experiments. These were determined
to be either normal or reduced in volume. The histological resultstrained by the same person (S. M.) and qualified to test experimental
flies by scoring five males in a row within 20 s of the trainer's score were subsequently matched with the behavioral results for each fly.
while observing the same pair. After behavioral testing, each male
was coded and put in fixative for histology. Statistics
CIs of tested males were subjected to arcsine square root transfor-
mations to approximate normal distributions (Sokal and Rolfe, 1995;Behavioral Training and Testing: Long-Term Memory
van Swinderen and Hall, 1995; Villella and Hall, 1996; Joiner andTwelve different protocols were tested for effectiveness in produc-
Griffith, 1997). ANOVAs were performed on pairwise comparisonsing LTM of courtship conditioning. In pilot studies, triply mutant y
of arcsine transformed data to get critical p-values. All statisticsper01 w males were trained and tested with Oregon-R females.
were performed using Statview 3.0.White-eyed males have difficulty tracking females and spend less
time courting than wild-type males (Sturtevant, 1915; Cook, 1980;
AcknowledgmentsWillmund and Ewing, 1982), and y mutant males display reduced
courtship vigor (Sturtevant, 1915; Bastock, 1956). The per01 muta-
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